The anisotropy of the intermolecular interactions in the low-temperature ordered phases of three chemically and structurally related compounds [neopentylglycol, (CH 3 ) 2 C(CH 2 OH) 2 , pivalic acid, (CH 3 ) 3 C(COOH), and neopentylalcohol, (CH 3 ) 3 C(CH 2 OH)], all of which display an orientationally disordered high-temperature phase, has been shown by means of the isobaric thermalexpansion tensor. The variation of the directions of the principal components of the thermal-expansion tensor as a function of temperature, as well as the variation of its principal coef®cients, is evidence of the large differences in the intermolecular interactions for each compound; or, more precisely, between the strong intermolecular hydrogen bonds and the weak van der Waals interactions. In addition, the differences in the hydrogen-bonding schemes expected a priori from the molecular structures of the studied compounds have been enhanced. Finally, the volume expansivity as well as the packing coef®cient have been analysed in the orientationally disordered high-temperature phase of each of the three compounds.
Introduction
A group of chemically and structurally related molecular compounds formed by tetrahedral molecules has been investigated by X-ray powder diffraction. The substances studied, which were neopentylglycol (NPG), (CH 3 ) 2 C(CH 2 OH) 2 , pivalic acid (PA), (CH 3 ) 3 C(COOH), and neopentylalcohol (NPA), (CH 3 ) 3 C(CH 2 OH), are known to exhibit in the solid state a phase transition from an ordered solid phase II to an orientationally disordered phase I (ODIC state) with a high enthalpy variation. For a set of similar compounds (one of them being NPG), such a high change was initially associated with the complete breakdown of the hydrogen bonds present in the low-temperature phase II on the basis of IR spectroscopy (Benson et al., 1986) . This suggestion, which was met with sharp criticism by a large number of authors, has now been refuted as a result of the study of the packing coef®cients as well as the analysis of the Raman spectra, NMR and dielectric studies of related compounds (Barrio et al., 1995 (Barrio et al., , 1996 Schroetter & Bougeard, 1987; Wu È r¯inger, 1993; Granzow, 1996; Tamarit, Perez-Jubindo & de la Fuente, 1997; Tamarit, Barrio et al., 1997) . With respect to the ordered phase II for the substances studied in this work, we report on the anisotropy of the intermolecular interactions by means of the study of the isobaric thermal-expansion tensor in the range from 93 K up to the II-to-I phase transition of the compounds.
The isobaric thermal-expansion tensor of organic crystals has only been determined in a few cases. It is quite obvious that the crystal structure is determined jointly by different factors, such as thermal expansion, elasticity, thermodynamic properties etc. Nevertheless, some information can be obtained from the study of the thermal-expansion tensor. Thus, it is well known that the deformation of a structure by a change in the temperature-intensive parameter will be minimal in the directions in which the intermolecular distances are small, i.e. in areas of the highest atomic density. This idea was ®rst proposed by Garnier et al. (1972) and Weigel et al. (1978) . The principal coef®cients of the isobaric thermal-expansion tensor are those of the weakest and strongest chemical interactions in the structure. This fact has been used to obtain information about a solid under different strains (see, for example, Chanh et al., 1988, and references therein) . In the case of organic compounds where the molecules are linked by hydrogen bonds, it is usual and indeed one expects to ®nd a small expansion in directions containing such interactions (Kitaigorodsky, 1973) .
With respect to the orientationally disordered hightemperature phase, the symmetry of which is facecentred cubic (f.c.c.) for the three compounds studied, and according to Neumann's principle, the directions of the principal components of the thermal-expansion tensor are parallel to the crystallographic axes and, moreover, the three principal coef®cients are equal. Thus, only the isobaric volume expansivity, de®ned as V = 1aVdVadT P , will be reported. The analysis of this parameter as well as the packing coef®cient, both as a function of temperature, enables us to determine the relative degree of the intermolecular interactions.
This work forms part of a more general framework for studying the syncrystallization problem, which is the subject of the REALM² group. The compounds analysed in the present work are also used in our program of the study of miscibility in the ordered as well as the disordered phases of ODIC crystals.
Experimental

Materials
The substances were purchased from Aldrich Chemical Company with purities of 99.9% for NPG, 99% for PA and 99% for NPA. The well known standard procedures (Barrio et al., 1995 (Barrio et al., , 1996 were used to perform additional puri®cation, the result of which was controlled by differential scanning calorimetry (Perkin-Elmer DSC-7).
X-ray powder diffraction
All the measurements were performed with a horizontally mounted INEL cylindrical position-sensitive detector (CPS-120) (Ballon et al., 1983) equipped with a liquid-nitrogen INEL CRY950 cryostat (80±330 K). The detector, with a radius of curvature of 250 mm, was used in Debye±Scherrer geometry enabling a simultaneous recording of a powder pattern over a range of 120 (2). Monochromatic Cu K 1 radiation was selected with an asymmetric focusing incident-beam curved quartz monochromator. The generator power was set to 40 kV and 30 mA. The section of the beam was 6.3 mm (V) Â 0.3 mm (H) as selected by the slit system placed just before the sample. The powder samples were introduced in 0.5 mm Lindemann capillaries which rotate during the experiment to improve averaging of the crystallites. The design of the cryostat was modi®ed in order to measure the temperature by means of a Pt 100 device in the sample chamber (which contains He gas as heat exchanger) and not in the vacuum chamber as in the original design.
External calibration using the cubic phase Na 2 Ca 3 Al 2 F 4 (NAC), following recommendations (Deniard et al., 1991; Evain et al., 1993) , was used to convert the measured channels to (2) by means of cubic spline ®ttings. The lack of peaks for 2 > 60 for the materials studied enabled us to work with only 20 points of calibration in the 0±60 (2) range. DIFFRACTINEL software was used for the calibration and for the peak position determination after Gaussian ®ttings.
A set of powder diffractograms was obtained for at least every 20 K step in the temperature range of the ordered solid phases II (from 93 K to the II-to-I phase transitions) and for every 5 K step in the temperature range of the orientationally disordered phases I (from the II-to-I transitions to the melting point for PA and NPA, and to 323 K for NPG). The acquisition times were 60 min for the patterns of phase II and 30 min for those of phase I. The slew rate was 1 K min À1 with a stabilization time of 10 min at each temperature before data acquisition.
Additional data reported previously (Barrio et al., 1995 (Barrio et al., , 1996 for the lattice parameters in the hightemperature range of the ODIC state were also used for NPG.
Data analysis
For indexing purposes for the patterns collected, we have calculated the theoretical pattern from the reported structure in the cases of NPG (Chandra et al., 1993; Strauss et al., 1996) and PA (Longueville, 1987) from the FULLPROF program (Rodrõ Âguez-Carvajal, 1990) . For the NPA compound we used the program DICVOL91 (Louer & Boultif, 1992) to determine the unknown symmetry of phase II of NPA. After indexing the patterns, lattice parameters were re®ned by means of the AFMAIL (Rodriguez-Carvajal, 1985) program at each temperature. The crystallographic properties and transition temperatures for the substances are summarized in Table 1 .
In order to determine the thermal-expansion tensor of the ordered phase II for each compound, the re®ned lattice parameters were ®tted as a function of the temperature using a standard least-squares method for each parameter. The agreement between the calculated and experimental values has been estimated with the help of the reliability factor de®ned as R = y 0 À y c 2 a y 2 c , where y 0 and y c are the measured ² Re Â seau Europee Â n d'Alliages Mole Â culaires (General Coordinator Y. Haget). and calculated lattice constants, respectively, and the sum extends over all the experimental values. The polynomial coef®cients corresponding to the lattice parameters are given in Table 2 together with the reliability factor. The cell deformation dU due to a small temperature variation dT is expressed by a second-rank tensor ( ij ), dU ij = ij dT, the coef®cients of the thermal-expansion tensor being expressed in K À1 . At a given temperature, knowledge of the principal coef®cients and of the direction of the principal axes of the tensor allows the determination of the highest and weakest directions of the deformations related to the directions of the corresponding intermolecular interactions (Garnier et al., 1972) . Such directions will be referred to in this paper as soft' and`hard' directions, respectively. The procedure and the method have been published elsewhere (Chanh et al., 1988) and the program DEFORM (Filhol et al., 1987) was used for the calculation of the tensor. The number of patterns collected in the low-temperature ordered phases was 12 for NPG and NPA, and 11 for PA.
In relation to the orientationally disordered hightemperature phase I, the isobaric volume expansivity was directly determined from the assumed linear dependence of the lattice parameter with the temperature. Such a linear dependence was assumed because of the large error on the lattice parameters determined. This error was produced by the use of only two loworder re¯ections appearing in the patterns, which reveal a large Debye factor as a consequence of the highly disordered structures. The calculation of the packing coef®cient, de®ned as = V m /V Z , V m being the molecular volume and V Z the volume occupied by a molecule in the lattice, requires evaluation of the molecular volume, V m , while V Z is obtained experimentally. A simpli®ed model was used to determine V m based on the consideration of rigid molecules and assuming that the atoms of these molecules are maintained at a constant distance. In spite of these simple assumptions, this model has been proved to be valid (Barrio et al., 1996; Tamarit, Barrio et al., 1997) . The van der Waals radii and interatomic chemical bonds used have been reported previously (Tamarit, Barrio et al., 1997) .
Results and discussion
4.1. Low-temperature ordered phases 4.1.1. NPG. The low-temperature ordered phase II of NPG was ®rst determined (Zannetti, 1961) as monoclinic P2 1 /n. More recently, two independent studies, both at room temperature (Chandra et al., 1993; Strauss et al., 1996) , reporting on the structure have been published. The lattice parameters have been determined in the range 93±313 K, i.e. practically in the whole temperature domain of phase II [stable from 313 to 60 K, where a phase transition to a phase III has been reported (Suenaga et al., 1990) ]. The polynomial equations accounting for the lattice-parameter variations are listed in Table 2 . Such polynomial equations are plotted together with the experimentally determined lattice parameters in Fig. 1 .
The tensor of a monoclinic lattice is completely de®ned by the principal coef®cients, 1 , 2 and 3 , for an angle 9 between the direction of one of the principal directions ( 3 in the present case) and the crystallographic axis a, the 1 axis being coincident with the binary b axis of the crystal. Fig. 2 depicts the variation of the 1 , 2 and 3 coef®cients and the 9 angle with temperature for phase II of NPG.
As can be inferred from Fig. 2 , the intermolecular interactions joining the tetrahedral molecules of NPG via O±H bonds are highly anisotropic. The principal axes of the tensor corresponding to the lowest values of the principal coef®cients ( 2 and 3 ), i.e. the hard directions, are located in the (010) crystallographic plane. That means that the O±H bonds have to form chains inside this plane and, moreover, that two kinds of hydrogen bonds with slight differences are present (Chandra et al., 1993; Strauss et al., 1996) . Such differences in the interactions produce slight differences in the hydrogen-bond distances that have been reported in previous studies of the structures: 2.686 (4) and 2.720 (4) A Ê (Chandra et al., 1993) and 2.68 (1) and 2.73 (1) A Ê (Strauss et al., 1996) . The change of the angle between the 3 axis and the crystallographic a direction of about 40 in the whole temperature range studied could be associated with a shift in the hydrogen-bond directions, but no structural information at low-temperature is available to verify this assumption. Table 2 . Lattice constants corresponding to ordered solid phases were ®tted to the polynomial equation p = p 0 + p 1 T + p 2 T 2 (T in K) where p is the lattice constant and R the reliability factor between the measured and calculated unit-cell parameters In Fig. 3 we plot the ac crystallographic plane (calculated from Chandra et al., 1993) showing the chains linking the molecules, together with the principal axes ( 2 and 3 ) of the tensor obtained. The value of the principal coef®cient 1 indicates that it corresponds to the weakest intermolecular interaction (soft direction) as a consequence of the existence of weak van der Waals interactions in this direction.
Finally, Fig. 4 shows a three-dimensional plot of the isobaric thermal-expansion tensor at different temperatures in the frame of the principal axes 1 , 2 and 3 , together with the direction of the crystallographic axes. As can be seen from Figs. 2 and 4 the deformation decreases with the temperature, even producing a contraction in the principal direction 3 . Moreover, these ®gures clearly show that with a decrease in temperature the principal axis 3 (corresponding to the lowest deformation, i.e. the highest intermolecular interaction) is further away from the a crystallographic direction 4.1.2. PA. Below 280 K, PA exhibits a solid phase II, the symmetry of which has been found to be P " 1 (Longueville et al., 1978) . Between 280 K and the melting temperature (309 K) PA displays an orientationally disordered f.c.c. phase, probably Fm3m (Namba & Oda, 1952) . In previous studies (Kondo & Oda, 1954; Kondo, 1965) , it was proposed that this disordered phase is formed by nonpolar dimer units having disordered orientation along the 12 [110] directions of the cubic lattice. Such an idea has been largely proved (Suenaga et al., 1990; Longueville et al., 1978) . In contrast, there is much debate as to the extent of the hydrogen bonding in the low-temperature ordered phase. The complete structure has been obtained from Longueville (1987) , the general trends being partially published (Longueville et al., 1978) . In these studies, the authors assert the existence of dimers parallel to the (110) planes of the triclinic lattice:`Two dimers, one above each other along the c axis, are nearly orthogonal'. However, the peculiarities observed by many spectroscopic techniques have so far not been satisfactorily accounted for. At this point, several reports have pointed out the possibility of the existence of cyclic dimers distorted to the extent that they form open dimers and/or polymers in the ordered phase of pivalic acid (Hasebe et al., 1981; Aksnes et al., 1984; Kimtys et al., 1992) . The thermal-expansion tensor in the ordered phase has been determined from 93 K up to the II-to-I transition (280 K) through measurement of the lattice parameters (see Fig. 5 ). Because of the low symmetry of this phase (triclinic) the principal directions of the tensor are not coincident with the crystallographic axes. Fig. 6 depicts the evolution of the principal coef®cients of the thermal-expansion tensor as a function of temperature. In the whole of the temperature range studied of phase II the 1 direction corresponds to a soft direction which, as can be seen from Fig. 7 (where a three-dimensional plot of the thermal-expansion tensor is presented), is relatively close to the [001] crystallographic direction. This experimental result indicates that in such a direction no intermolecular hydrogen bonds are present. This evidence agrees with the structure proposed by Longueville et al. (1978) for which the dimers are nearly parallel to the (110) plane. Fig. 8 depicts the (00l) crystallographic plane showing the almost orthogonal dimers along the c axis at 223 K.
The other two directions 2 and 3 display relatively low values of the principal coef®cients in the lower temperature range studied, thus corresponding to hard directions, i.e. the 2 3 plane contains the highest intermolecular interactions. From the principal directions of the tensor (see Fig. 7) we can see that the hard plane is close to the (00l) crystallographic plane. Such results agree again with the structure proposed by Longueville and co-workers. Nevertheless, it must be pointed out that with an increase in temperature the 2 direction becomes softer. This may be associated with a possible twist of the two molecules of the asymmetric unit along the b crystallographic axis. In this situation, the atomic density in the 2 direction (close to a) would be diminished and then thermal expansion would be increased, producing the opposite effect in the 3 direction, which would be compatible with the hardening of this direction represented in Fig. 6 . The work of Aksnes et al. (1984) reveals the existence of new bands in the IR spectra of PA when the temperature approaches the solid-to-plastic phase transition; this is assigned to a twisting of the carboxyl groups. A subsequent NMR study (Kimtys et al., 1992) has established a model based on the occurrence of a second-order phase transition within the dimer unit which is caused by a change of its average symmetry in the temperature range 250±280 K. Such a temperature-dependent structural anomaly should be investigated by resolving the structure near the transition temperature from the brittle to plastic phases. In both cases, the conclusion corresponds to a continuous and slow change in the hydrogen-bond interactions when the temperature approaches the order±disorder transition.
4.1.3. NPA. NPA is known to occur in two different solid phases (Suenaga et al., 1990) . The low-temperature ordered phase II is stable up to 237.4 K. The orientationally disordered high-temperature phase, the structure of which is f.c.c. [probably Fm3m (Carpenter, 1969) ], is stable up to the melting point at about 330 K.
The hitherto unknown symmetry of the lowtemperature phase II has been determined by means of X-ray powder diffraction following the procedure described in x3 of this work. This symmetry has been determined to be triclinic with lattice parameters a = 10.304 (10), b = 10.418 (9), c = 11.398 (12) A Ê , = 90.14 (6), = 99.51 (3) and = 107.08 (1) (Z = 7) at 233.2 K. From the variation of the lattice parameters with the temperature (Fig. 9) , the thermal-expansion tensor, whose principal coef®cients are depicted in Fig.  10 versus temperature, has been determined. In the case Fig. 7 . The thermal-expansion tensor of phase II of PA at several temperatures (T = 133, 193, 273 K from left to right) in the frame of the principal directions 1 , 2 and 3 (dotted line) together with the crystallographic axes a, b and c (continuous line). The full length of the i axis corresponds to 10 À3 K À1 . Fig. 6 . The 1 , 2 and 3 coef®cients as a function of temperature for PA. Fig. 8 . The (00l) crystallographic plane of the triclinic phase II of PA calculated from Longueville (1987) at 223 K. One dimer unit is at z = 0 (or z = 1) and the other at z = 0.5.
of NPA, the principal directions of the thermal-expansion tensor all have components in the three crystallographic directions, making a straightforward interpretation on the basis of the unknown structure dif®cult. At low temperature, the three principal coef-®cients reach similar values (about 10 À4 K À1 ) and, thus, the thermal-expansion tensor is rather isotropic. Increasing the temperature from about 140 K, the principal coef®cients move away (increasing the anisotropy of the deformation). In the high-temperature region of phase II it is quite obvious that the 1 direction becomes soft, while the 2 3 plane remains hard (see Fig. 11 ). In an early work (Faucher et al., 1966) the loss modulus of the solid phase II was recorded as a function of temperature by means of a torsion pendulum. The authors indicated the existence of a`secondary' transition at about 150 K, which with the help of the NMR measurements was interpreted as an increase of the small segment mobility in polymers or the onset of limited molecular motion in a monomeric material. Nevertheless, the accurate c p measurements from Suenaga et al. (1990) do not display any thermal anomaly in the temperature range from 12.7 K to the IIto-I phase transition at 237.4 K. From the present work, we can see that only a slow softening in the 1 direction, close to the c crystallographic direction (see Fig. 11 ), is present. On the other hand, variation of the volume thermal expansivity (see x4.1.4) has no relevant effect. However, it must be pointed out that in order to detect a structural phase transition (without associated thermal effects) the X-ray diffraction measurements should be performed with very narrow temperature steps and, if possible, on a single crystal in order to evidence weak superlattice re¯ections.
In spite of the limited structural information to explain the thermal-expansion tensor, we can reasonably conclude that, as in the previous case of PA, the intermolecular interactions by hydrogen bonds in NPA take place in the 2 3 plane of the deformation space (close to the ab crystallographic plane).
4.1.4. Isobaric thermal expansivity in the low-temperature phases of NPG, PA and NPA: a comparative analysis. Fig. 12 shows the variation of the volume expansivity ( V ) of the compounds studied with temperature in the ordered as well as in the orientationally disordered phases. For phase II, the lowest value of the volume expansivity corresponds to NPG, in agreement with the previous ®nding of a very hard plane in the structure of its phase II.
For PA we can see a continuous and slow increase in the V parameter which is due to the discussed change in the hydrogen-bond interactions when the temperature increases. The V value for NPA is higher than those corresponding to NPG and PA, except at temperatures close to the transition, where the hydrogen bonds remain in a plane network unlike PA but similar to NPG. At this point it should be emphasized that any analysis of the volume expansivity neglects the details corresponding to the speci®c intermolecular interactions and thus all the details about a possible anisotropy. To account for this, an aspherism index A has been de®ned as A 2a31 À 3a 2 V 1a2 where = 1 2 + 2 3 + 3 1 (Weigel et al., 1978) . This coef®cient reaches the zero value when the thermalexpansion tensor is isotropic. Fig. 13 , which shows the behaviour of the A index as a function of temperature in the ordered phases, illustrates the anisotropy peculiarities described earlier. The evolution of the A index for NPA reaches lower values at about 100 K below the IIto-I order±disorder phase transition (i.e. at about 140 K), although it does not vary greatly with temperature. In a previous work, where the thermal expansion was determined for a considerable number of Fig. 9 . Lattice parameters for phase II of NPA as a function of temperature. Fig. 10 . The 1 , 2 and 3 coef®cients as a function of temperature for NPA.
inorganic solids (Weigel et al., 1978) , the strong anomalies of the aspherism index were assigned to the possibility of the existence of a transition associated with an order parameter. For such a transition, the volume expansivity is due to the anharmonicity of the thermal vibrations and to the deformation of the lattice as a consequence of the phase transition, the latter contribution being larger than the former. In the case of the NPA compound the lattice symmetry does not change at 140 K (there are no relevant changes in the patterns collected). Therefore, the possible phase transition should have a second-order character. This possibility seems to be rather limited taking into account the continuous evolution of both the volume expansivity and c p values with temperature at the considered domain.
In the light of these considerations and because of the lack of more structural information, the existence of a phase transition is discarded at present and it is concluded that these slight changes concern certain modi®cations of the molecular motion.
High-temperature orientationally disordered phases
The polynomial equations accounting for the lattice parameter of the orientationally disordered phases are given in Table 3 . The variation of the volume expansivity for the orientationally disordered phases with temperature is depicted in Fig. 12 . The ®gure shows that the packing in such a phase is controlled by means of the intermolecular interactions via hydrogen bonds. The lowest volume expansivity corresponds once more to the NPG compound, for which the now dynamic and isotropically distributed hydrogen bonds remain in the disordered phase. A very recent dielectric relaxation study on phase I of NPG (Tamarit, Pe Â rez-Jubindo & de la Fuente, 1997) has proved their existence throughout the determination of a high activation enthalpy for the molecular tumbling and a relatively low relaxation frequency as compared with other ODICs without such an intermolecular interaction. A similar situation was found in the disordered phase of NPA (Kreul et al., 1992) , the interaction being lower than in the previous case of NPG.
A different situation appears for phase I of PA. With regard to the molecular structure of PA, the possibility of the formation of hydrogen bonds should be very close to that of the NPA compound. However, the volume expansivity for PA reaches high values whatever the temperature. The interpretation of this experimental fact is quite obvious taking into account the well established formation of dimers in the disordered phase, the behaviour of which is controlled by van der Waals weak interactions between dimer units. Moreover, an NMR study under pressure (Hasebe et al., 1981) concluded that the volume required for the molecular tumbling in this disordered phase of PA is several times Fig. 11 . The thermal-expansion tensor of phase II of NPA at several temperatures (T = 113, 153, 213 K from left to right) in the frame of the principal directions 1 , 2 and 3 (dotted line) together with the crystallographic axes a, b and c (continuous line). The full length of the i axis corresponds to 10 À3 K À1 . higher than that of related compounds, indicating the existence of units formed by two molecules. To corroborate this, the packing coef®cient was calculated for the three compounds as a function of the temperature. Fig. 14, which shows the variation of the packing coef®cient with temperature in the whole temperature range studied, con®rms the previous ®ndings. The lowest packing in the ODIC state corresponds to that of PA according to the weak van der Waals interaction between dimer units. The highest packing is found to be for NPG showing that hydrogen bonds are still active in the disordered phase. Similar behaviour can be inferred for the disordered phase of NPA, which shows a lower value of the packing than the corresponding NPG according to the diminution of the available number of CH 2 OH groups. The small change in the packing coef-®cient at the order±disorder phase transition of NPA should also be noted. This effect would mean that the dynamic character of the hydrogen bonds in phase I (isotropically distributed in this case) should not be very different from that previously established in phase II (anisotropically distributed in this phase and, particularly, in a plane) near the transition point. 
